ABSTRACT. Truly naked fluoride only exists in the gas phase. Fluoride can be stabilized by a complexing agent and an organic cation, resulting in anhydrous or dehydrated fluoride which is "partially naked." This partially naked fluoride enables fluorination reactions at much lower temperatures than hydrated fluorides. Here we show a simple method for preparing fluoride based solvate ionic liquids (SILs) by mixing 1-alkyl-3-methylimidazolium (1-ethyl-3methylimidazolium or 1-butyl-3-methylimidazolium) bromide, silver fluoride (AgF), and EG Fluorination is critical for a wide range of chemical applications in the pharmaceutical, medicinal, and materials sciences, etc. 1-2 "Naked fluoride" refers to dehydrated (or desolvated) fluoride ions. While gaseous naked fluoride is known, 3 naked fluoride does not exist in water (or other solvents), as analogous to H + in water, fluoride is always hydrated, or otherwise closely associated with its cation; 4 if it could be prepared, liquid phase naked fluoride would be extremely basic and have immense catalytic activity. [3] [4] [5] [6] The relative "nakedness" of fluoride is strongly affected by the cation size; the larger size of the cation, the more weakly it associates with the fluoride, and the more naked the fluoride becomes. 7 This implies that naked fluoride could be obtained from salts of large elemental ions like cesium in aprotic solvents, but in actuality reactions only occur on the solid surface of CsF because of its low solubility. 4 An alternative method to hinder fluoridecation interactions to produce naked fluoride would be to use large organic cations. However, fluoride ions are unstable with most organic cations due to reaction with hydrocarbon β-hydrogens. 6, [8] [9] [10] Fluoride is only stable with organic cations that lack β-hydrogens, such as tetramethylammonium fluoride (TMAF), 9 or cations like azabicyclo[2.2.2]octane, where the β-hydrogen is sterically hindered towards elimination. 3 However, to produce naked fluoride requires dissolution of these salts in dry aprotic solvents, in which their solubility is very low. Conceivably, these salts could be employed in molten form, but they most likely have high melting point or decompose without forming a liquid phase (decomposition temperature: 170 °C for TMAF and 140 °C for azabicyclo[2.2.2]octane fluoride).
Attempts to produce ionic liquids (pure salts with low melting points 11 ) comprising naked fluoride ions have failed; common ionic liquid cations have β-hydrogens, which the fluoride attacks. 12 A recent attempt to synthesize an anhydrous dialkylimidazolium fluoride ionic liquids produced a hydrated fluoride anion rather than naked fluoride. 5 Fluorohydrogenate ionic liquids where the anion is a fluoride ion solvated by HF, such as [C2C1im][(FH)nF] (C2C1im + = 1-ethyl-3methylimidazolium) have low melting point and high ionic conductivity. Unfortunately, the strong FH bond suppresses the activity (nakedness) of the fluoride ion in (FH)nF − , [13] [14] [15] but nonetheless this suggests the possibility of producing an ionic liquid with naked (or near naked) fluoride by incorporating a hydrogen bond donor (HBD) / ligand weaker than HF. Such an approach shares conceptual similarities of deep eutectic solvents (DESs), [16] [17] [18] where mixing a salt and HBD at an appropriate ratio (often 1:2) produces a low melting point liquid, and solvate ionic liquids (SILs), [19] [20] [21] where mixing a salt and ligand (often a glyme in a 1:1 ratio) also results in a low melting point liquid. For DESs, while a liquid has been prepared by mixing choline fluoride and urea system, the fluoride solvation state (nakedness) and synthetic properties are unclear. 16 To the authors' knowledge, SILs incorporating fluoride have not been reported.
Here we report a simple method to produce fluoride based SILs comprising 1-alkyl-3- Information). This glassy behavior is similar to many conventional ionic liquids 11, [22] [23] and SILs. 24 [C2C1im]F•EG and [C4C1im]F•EG were stable under high vacuum for more than 12 hours. By contrast, over the same period pure EG evaporated, and the mass loss of the corresponding bromide based liquids (~0.5 g) was about 40%. Thermogravimetric analysis (TGA) ( Fig [26] [27] That is, the groups solvating fluorine in [C2C1im]F•EG and [C4C1im]F•EG deshield fluoride electrons to a similar extent as water, and much less than methanol. deshielding, 31 and with the IR data presented above.
The [C2C1im]:F:EG 1:1:1.5 and 1:1:2 [C2C1im]:F:EG samples were also probed using 1 H-NMR ( Fig.S4 , Supporting Information). The EG OH signal shifts upfield with EG content, from 7.7 ppm for 1EG, to 6.8 ppm for 1.5EG, and 6.2 ppm for 2EG, and peak integration reveals stoichiometric amounts of OH protons. 1 H-NMR is sensitive to the average state of EG OH protons in the liquids.
As the EG content increases and there is more free EG, the EG OH proton signal shifts upfield. This is consistent with the IR spectra, which also revealed increased free EG for higher EG ratios in the liquid. hydrogen bonds form in these liquids consistent with the H2 proton being the most acidic in these cations. [32] [33] Weaker hydrogen bonds form between fluorine and H4 and H5, but not appreciably with other cation protons.
Increasing the temperature increases the kinetic energy of molecules and ions in a liquid, which weakens hydrogen bonds and increases proton exchange, which deshields protons, resulting in an Although the [C2C1im]F•EG liquid structure is dynamic, the structure of the crystals recovered provide an indication of the favoured interactions. Fig. 3 shows the X-ray crystal structure of ([C2C1im]F)2•EG (see Tables S2 and S3 for crystallographic data and selected geometrical parameters). The coordination environment of fluoride ion is best described as distorted tetrahedron (82.5° < H•••F − •••H angle < 137.0°), with the fluoride surrounded by two aromatic hydrogen atoms, one methylene hydrogen atom, and one OH hydrogen ( Fig. 3(b) ). The F − •••HO distance is 1.66 Å, which is similar to the value of 1.598 Å of F − •HO reported for KF•CH2(CO2H)2, 43 and significantly shorter than the sum of the van der Waals distances of hydrogen and fluorine atoms (2.7 Å). 44 The F1•••H2 distance (1.88 Å) is shorter than the F1•••H4 distance (2.08 Å), and the fluoride to methylene hydrogen atom (H6a) distance is long (2.23 Å), revealing a weak interaction. Interactions between atoms are inversely correlated with bond strength, so these differences reflect the strength of F•••H interactions, and agree well with the proton acidities. [32] [33] In the crystal, the EG molecule adopts a trans conformation (see Fig. S9a Typical fluorination reactions require high temperatures and longer times using alkali metal fluorides, which are poorly soluble in organic solvents. 2 In order to assess how naked (available) the fluoride ion is for reaction in these liquids, the reactivity of [C2C1im]F•EG was studied via fluorination reactions with benzyl bromide with and without solvent (DMF) at two different molar ratios of fluoride to bromide (1 or 1.5) at room temperature.
[C2C1im]F•EG was stable in DMF as confirmed by the 1 H and 19 F-NMR results (Fig.S10, Supporting Information) . The reaction mixtures were stirred at room temperature for 2 h, resulting in a colorless solution. The conversion of benzyl bromide and the yield of product was determined by 1 H and 19 F NMR results, respectively, (see Fig.S11 and S12, Supporting Information), are shown in The ~60% yield of the benzyl fluoride obtained here is lower than the ~70% yield recently reported for a quaternary ammonium fluoride based on azabicyclo[2.2.2]octane, 3 The liquids have negligible room temperature vapour pressure, have melting points less than 100°C, all of the EG is associated with fluoride ions, and exhibit no physical properties associated with the pure components, thereby satisfying the criteria for SILs. NMR and IR reveal strong hydrogen bonding between fluoride ion and EG molecules, and with the imidazolium ring proton (H2), along with weaker interactions with the cation ring H4 and H5. No interactions are noted between fluorine and cation alkyl chain protons, raising the possibility that the SIL is nanostructured; this is the topic of further study. X-ray diffraction of crystal precipitated from the meta stable [C2C1im]F•EG show the fluoride binds to two EG molecules in the crystal. If this persists in the liquid state, this will create a three dimensional hydrogen bond network that may support surfactant self assembly. The reactivity of [C2C1im]F•EG was examined by fluorination of benzyl bromide with a reasonable yield both in neat form and in DMF, which opens high potential
